We suggest that the lithiation of pristine SnO forms a layered Li X O structure while the expelled tin atoms agglomerate into 'surface' planes separating the Li X O layers. The proposed lithiation model widely differs from the common assumption that tin segregates into nanoclusters embedded in the lithia matrix. With this model we are able to account for the various tin bonds that are seen experimentally and explain the three volume expansion phases that occur when SnO undergoes lithiation: (i) at low concentrations Li behaves as an intercalated species inducing small volume increases; (ii) for intermediate concentrations SnO transforms into lithia causing a large expansion; (iii) finally, as the Li concentration further increases a saturation of the lithia takes place until a layered Li 2 O is formed. A moderate volume expansion results from this last process. We also report a 'zipper' nucleation mechanism that could provide the seed for the transformation from tin oxide to lithium oxide.
Introduction
Tin based compounds represent a promising category of materials to be used as the anode of lithium-ion batteries (LIBs). 1 With an observed capacity of either 4.4 (Li 22 Sn 5 ) 2 or 4.25 (Li 17 Sn 4 ) 3 Li per Sn atom, they outperform the maximal theoretical energy density of graphite electrodes by a factor greater than two. 4 The interest in Sn-based systems was triggered by the work of Idota et al. 5 who applied an amorphous tin composite oxide as the anode material. Several other research groups have later investigated similar compounds in the context of LIBs. [6] [7] [8] However, a commercially viable solution remains to be determined since Sn-based systems tend to suffer from an unacceptably fast fade in capacity. This happens in spite of the various attempts to optimize the chemical composition [9] [10] [11] and structural features [12] [13] [14] [15] of the anode, showing that a better understanding of the atomic structure of the active materials is required for improved designs. A recent review by Park et al. 4 lists the most relevant advances made in Sn-based electrodes and their main causes of degradation. The large volumetric changes of Sn, SnO, and SnO 2 during lithiation and delithiation is one of the main deterioration mechanism and among the hardest technological challenges to overcome. An example of the expansion taking place when SnO is lithiated is displayed in Figure 1 , which reports the volumetric change of Li X OSn with respect to the initial SnO crystal as a function of the Li load level. 8 At moderate Li concentrations, i.e. up to a ratio of two Li atoms per Sn atom, three distinct expansion regimes can be identified from this experimental data, as discussed later.
In one of the first studies addressing the structural changes occurring during the lithiation of Sn-based compounds (SnO, SnO 2 , Li 2 SnO 3 , and SnSiO 3 ) Courtney and Dahn 6 suggested that the initial tin oxide transforms into an amorphous lithia matrix, from which the Sn atoms are expelled before segregating into nano-clusters embedded within the forming matrix. This lithiation model relies on two phenomena. First, an irreversible process takes place during the first lithiation cycle, which can be attributed to the formation of a stable lithia matrix. Secondly, XRD measurements of the lithiated samples contain signatures of Sn-Sn and Sn-Li bonds, potentially validating the proposed clustering of Sn atoms. In a later work the transformation towards a lithia was confirmed by Chouvin et al. 16 who supported this with results from Mössbauer spectroscopy. They revealed that the Sn atoms are reduced as the Li concentration level increases. However, their data also showed that the forming lithia does not correspond to its bulk counterpart since markers for various unknown bonds were present. A similar conclusion was reached by Sandu et al. 7 who also applied Mössbauer spectroscopy. Their results agian showed signatures of unidentified Sn bonds after the transformation into lithia had taken place; they named them 'exotic' bonds. Furthermore they observed that a spectra consistent with SnO was present at low Li concentrations and therefore concluded that Li behaves as an intercalated species during the initial part of the lithiation process.
As the Li load level increases they also found that parts of the SnO matrix could still accommodate Li atoms as intercalated species, while other parts started transforming into lithia.
Another peculiarity of Sn-based systems was later reported by Zhong et al. 17 and further investigated by Nie et al. 18 In their experiments they saw that the transformation into lithia occurs along stripes when a nanowire of SnO 2 gets floated with lithium. Such a nucleation is very different from the usually assumed core-shell mechanism and remains to be understood. Although the crystalline structure of SnO and SnO 2 are significantly different it is worth investigating whether Li preferably arranges itself along stripes in other Sn-based oxides. From the experimental results summarized above it appears that (i) three expansion regimes can be seen when SnO is lithiated, 8 (ii) Li atoms behave as intercalated species at low concentrations, (iii) 'exotic' Sn bonds manifest themselves after the first lithiation cycle, and (iv) an abnormal nucleation mechanism occurs in SnO 2 . None of the existing lithiation models simultaneously captures all these phenomena and offers a consistent explanation for them. Moreover, the common models assuming a complete segregation of Sn and Li 2 O underestimates the experimentally determined volume expansion by 7.5%, clearly indicating that important effects are not taken into account.
To address these issues we report here results from simulations investigating the structural evolution during the lithiation of pristine SnO. Starting from a SnO crystal, atomistic simulations are conducted to determine the volume expansion as the oxide transforms into lithia up until the point where a saturated Li 2 O L is formed. The final structure is layered and different from its crystalline counterpart and is therefore marked with a superscript L. We also demonstrate that rather than segregating into nano-clusters the Sn atoms remain evenly distributed between the forming Li 2 O L layers so that they can be considered as 'surface' planes on the appearing lithia. It is know that tin oxide is a layered and ordered structure. 19 Here three such layers are shown and it appears that the (100) and (010) 
Pure oxide
A pristine tin (II) oxide crystal is generated from a tetragonal PbO lattice in which the Pb atoms are replaced by Sn and relaxed. 19 The resulting bulk phase of SnO has a distinct layered Sn-OSn structure in the Z-direction, which clearly appears in Figure 2 that shows three such layers. 
Lithium at low concentrations
To investigate how lithiation affects the SnO matrix at low concentrations, numerous atomic configurations are generated where the load level increases from two to eight Li atoms. In the search for the lowest energy structure, configurations are sampled with the additional Li atoms arranged to (i) reside within the same or neighbor SnO layers, (ii) be nearest-neighbors or separated, and (iii) ordered in different patterns. Structures with four or more Li atoms are generated by embedding Li into a low energy configuration with less Li atoms. This technique allows for a more rapid convergence towards the lowest energy structures. To relax the stress caused by the inserted Li atoms, the heat treatment mentioned in Section 2 is applied. The determined lowest energy structures for three of the investigated load levels are shown in Figure 3 . A complete list of the tested configurations can be found in the supporting information.
When the second Li atom is inserted into the SnO matrix the ratio between Li and Sn becomes 2:64. The two Li atoms then have the possibility to arrange themselves in a dimer configuration.
A weak binding of 42 meV/atom is achieved when they form a symmetric structure and reside in opposite Sn planes. By comparing to the structure with a single Li atom in the SnO matrix it appears that 292 meV is gained per atom and an energy barrier of 584 meV has to be surpassed for the dimer to break. In this configuration the distance to the neighbor O atoms is reduced to 1.9 Å instead of 2.2 Å as for the single Li atom. The separation between the Li atoms is 2.6 Å, 0.1 Å shorter than the distance between two O atoms within the same plane. Finally, the bond length to the closest Sn atoms within the same plane slightly increases from 2.8 to 2.9 Å, while the distance to the ones in the opposite plane within the same layer changes from 2.5 to 2.7 Å. When the dimer forms the surrounding SnO environment is somewhat disturbed and a few bonds connecting Sn and O atoms are stretched beyond the defined bond value, as can be seen in Figure 3 . The volume increase is insignificant as compared to the pristine SnO.
If an additional pair of atoms is inserted, a total of four Li atoms is embedded in the SnO matrix and a 4:64 ratio is reached. At this load level the lowest energy configuration is a cluster with two atoms in each of the Sn 'surfaces' as shown in Figure 3 Under the assumption that linear arrangements of Li atoms remain at higher concentrations, the observed nucleation mechanism will act as a 'zipper' that joins the Li atoms and form a stripe of lithium oxide. The arrows in Figure 3 (c) indicate the directions of propagation for the Li atoms as they enter into the O plane. It is also important to note that during this transformation the Sn atoms will evenly be expelled above and below the emerging stripe of lithia. It is important to note that the Sn atoms evenly move to the 'surface' sites situated above and below the forming LiO.
Lithia
At moderate Li concentrations a sudden acceleration of the volume expansion occurs, which is explained by the transition from SnO to LiO. We will not go into the details of this process, but rather focus on the resulting Li 1/2 OSn, LiOSn, and Li 2 O L configurations. Since these structures are fully transformed oxides without any traces of intercalated Li, the computed volumes are upper The expulsion of Sn atoms and the oxide transformation increases the volume of the structure by 23.14%, as reported in Figure 1 . It also modifies the symmetry of the supercell from orthogonal to triclinic. Despite these significant changes it is important to realize that the layered and ordered structure persists. Furthermore, the segregated Sn atoms do not seem to assemble into nano-clusters, but rather to comply with the planar structure of the SnO matrix.
LiOSn
As a next step LiOSn is generated by decorating all sites, within the Sn planes of the pristine SnO The color code and dashed box are defined as in Figure 4 . As for the Li 1/2 OSn sample the (100) and (010) surfaces are identical but the structure has further evolved and the Sn atoms are now completely expelled from the oxide and reside in 'surface' planes on the forming lithia. . The same color code as before is used. As the lithia saturates the super cell regains an orthogonal shape in the (001) plane, but is skewed along the Z-direction. The structure of the (100) and the (010) plane is no longer similar. However, the layered structure persists and Sn atoms remain as 'surface' planes on the lithia. All bonds connecting Sn atoms are now longer than the cut off distance, which was defined in Figure 2 .
Li 2 O L Sn
By inserting an additional plane of Li atoms into the LiOSn structure a fully saturated lithia is obtained. It is plotted in Figure 6 . Our simulation results for the lithiation of SnO align very well with the experimental findings that
Li behaves as an intercalated species at low concentrations. 7 A similar behavior of Li has been observed for SnO 2 in a computational study by Sensato et al. 24 As the Li load level increases fouratom clusters form, as shown in Figure 3 Sn bonds observed in experiments when a SnO sample is lithiated. 6, 7, 16 Another important aspect that validates our model is the good qualitative agreement with the volume expansion curve measured for Li X OSn with respect to SnO and presented in Reference 8.
As in the experimental data, three distinct regimes can be identified in our computational results shown in Figure 
Conclusions
The structure of Li 1/2 OSn, LiOSn, and Li 2 OSn has theoretically been determined by lithiating a sample. This issue will be addressed in an upcoming paper.
